Complete spin polarization of electrons in semiconductor layers and quantum dots 
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We demonstrate that non-equilibrium electrons in thin nonmagnetic semiconductor layers or quan- 
tum dots can be fully spin polarized by means of simultaneous electrical spin injection and extraction. 
The complete spin polarization is achieved if the thin layers or quantum dots are placed between 
two ferromagnetic metal contacts with moderate spin injection coefficients and antiparallel magneti- 
zations. The sign of the spin polarization is determined by the direction of the current. Aplications 
of this effect in spintronics and quantum information processing are discussed. 

PACS numbers: 72.25.Hg,72.25.Mk 
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Spintronics is a new field of condensed matter physics 
based on manipulation of electron spins is solids 0,13] • In- 
jection of spin-polarized electrons into nonmagnetic semi- 
conductors (NS) is of particular interest because of the 
relatively large spin-coherence lifetime, r s , in NS 0, 0] 
and promising applications for ultrafast, low-power spin 
devices 0, 0, 0> [1 @ an d for spin-based quantum in- 
formation processing (QIP) @>E1- Both the character- 
istics of the spintronic devices and fidelities of various 
spin-based QIP schemes dramatically improve when spin 
polarization P n of electrons in NS is high, i.e. when 
P n — > 100%. Thus the main challenge is to achieve high 
values of P n ~ 100% in NS both at room and low tem- 
peratures. A simple intuition, supported by all previous 
theoretical works 0, S H E El E3 . suggests that P n 
under electrical spin injection cannot exceed either the 
polarization of a spin source or the spin injection co- 
efficient of a ferromagnet-semiconductor contact. Since 
conventional ferromagnetic metals (FMs) rootinely used 
in semiconductor technology have moderate spin polar- 
izations P n < 40%, the main strategy to improve spin 
injection has been identified as development of magnetic 
semiconductors and half-metals with high bulk spin po- 
larizations 0] • Nonetheless, the greatest value of elec- 
tron spin polarization in NS to date, P n ~ 32%, has been 
observed in spin injection experiments with conventional 
FM (Fe) contacts 
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One of the obstacles for the spin injection from FM 
into NS is a high and wide potential Schottky barrier 
that normally forms in NS near FM-NS interfaces (lif . 
The spin injection from FM into NS corresponds to a re- 
verse current in the Schottky junction, which is usually 
negligible. Therefore, a thin heavily doped n + -S layer 
between FM and NS has been used to increase the tun- 
neling transparency of the barrier [lfij ] and the spin in- 
jection current [ill IT2I fl3| . Since the spin injection is a 
tunneling of spin polarized electrons from FM into NS, 
which is a symmetric process, the spin selection should 
also occur in forward-biased FM-S junctions when elec- 
trons arc emitted from NS into FM MJ. 



spins are extracted from NS into FM and the tunneling 
FM-n + -S contact works as a spin filter. 

In this letter we consider a donor doped semiconduc- 
tor (n-NS) layer placed between two spin selective con- 
tacts, for example, tunneling FM-n + -NS junctions, Fig.l. 
We show that the electron spin polarization in this n-NS 
layer can achieve 100% even when the spin injection co- 
efficients of the contacts, 7^ and 7^, are quite moderate. 
The only requirement is that ^l{r) should weakly depend 
on the current, J. Indeed, the currents of up-electrons 
with spin a =f through the contacts can be written as 

J T (0) = J(1+ 7 l)/2, J 1 (w) = J(1+ 1r )/2, (1) 

where Jf (0) and Jj (w) are the currents in the n-NS layer 
at the boundaries with the right and left contacts x = 
and x = w (Fig.l). The continuity equation reads 



dJij / dx = q5n-\ / r s 



(2) 



In this case the 



where Sn^ — Ut — ng/2, n$ is the total electron density 
andn-f is the density of up-electrons. Obviously 5n^(x) ~ 
const in the n-NS layer when its thickness w <C L s , where 
L s is the spin diffusion length. Integrating Eq. J3J over 
x from to w, we obtain J-\(w) — J-f(O) = qwSn^/r s , 
and using 0) and Sni(x) = — Sni(x) we find the spin 
polarization in thin n-NS layer: 

P n (x) = (<5n T - Sni)/n s ~ (77?, - Jl)J/J w = P n , (3) 

where J w = qnsw/T s . One can see from @ that: P n = 
when 7jj = 7l, since in this case the currents of up- and 
down electrons through the right and left contacts are the 
same: Jf(0) = J|(w). On the contrary when 7jj 7^ 7^ 
the value \P n \ — * 1 when J — > J t = J w /(jr — Jl)- F° r 
example, if 7^ < and 7^ > 0, i.e. magnetizations Mi 
and M2 in FM have opposite directions, Fig. 1(a), P n = 
(|7r| + \il\)J/J w , i-e. P n -> 1 as J — >• J t = J w /{\^r\ + 
|7l|). Thus, due to the difference of the currents of spin 
polarized electrons through the contacts, the spin density 
P n in the n-NS layer increases with the current and can 
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reach 100% even at small spin injection coefficients. One 
can see from @ that the inversion of the current results 
in the opposite sign of P n . These findings are valid for 
both degenerate and nondegenerate semiconductors. 
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FIG. 1: (a) Ferromagnet-semiconductor FM-n + -n-n + -FM 
heterostructure containing a donor doped nonmagnetic semi- 
conductor (n-NS) layer sandwiched between two ferromag- 
netic metals (FM) having opposite magnetizations, Mi and 
M2, and two thin layers of a heavily doped degenerate semi- 
conductor (n + -S layers) between the n-NS and FM layers, (b) 
Energy diagrams of the heterostructure in equilibrium (bro- 
ken curves) and at bias voltage V (solid curves) in the case 
when the n + -S layers have a narrower bandgap than that of 
the n-S region and the n-S region is a degenerate semiconduc- 
tor (for the nondegenerate n-S region E c o > F). Here F is the 
Fermi level in equilibrium, E c (x) is bottom of semiconductor 
conduction band, E c q and E^ are the values of E c (x) in the 
n-S and n + -S layers, respectively; w and I thicknesses of the 
n-S and n + -S layers, respectively; A and Id are the height and 
thickness of the Schottky barrier of the FM-n + -S junctions, 
(c) Spatial dependence of electron spin polarization, P n (x) , in 
the nondegenerate (red curves) and degenerate semiconductor 
n-NS layer (yellow curves) for jr — = 0.3 and w = 0.1L S 
at currents J = 0.7J W (curves 1), J = J w (curves 2), 
J = 1AJ W (curves 3), J = J t = 0.99J m /(Pf - Pf) = 1.65J W 
(curves 4). Red curves are calculated from Eq.© and yellow 
curves are obtained from numerical analysis of the diffusion- 
drift equation for Sni(x). 



In nondegenerate NS the diffusion constants and mo- 
bilities of up- and down-electrons are the same, Dj = 



-Dj = D and /X| = ii\ = a, and the distribution of Sni(x) 
for any w reads iKi llll ITJ : 

Sn^x) = (n s /2)( Cl e~^ Ll + cie^-^/^), (4) 
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qnsL s /r s , and q is the elementary charge. 
Using the boundary conditions (y we obtain: 



Pn{x) = L 
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It follows from @ that P n (Q) or P n (w) reaches 1 at J = 
Jt{"iL,^R,w). The spatial dependence of P n {x) is very 
weak for w <C L s and P n (x) ~ P n as in Eq. ©. 

One can see from and (JSJ) that and 7^ deter- 
mine a particular value of the threshold current, J t , but 
it does not alter the main result: \P n \ — > 1 as J — > J t . 
The only requirement is a relatively weak dependence of 
7fl and 7^ on J. This condition can be fulfilled, for ex- 
ample, when thin, heavily-doped n + -S layers are formed 
between n-NS and FM regions, Fig. 1. The parameters 
of n + -S layers have to satisfy certain conditions In 
particular, the electron gas must be degenerate in a cer- 
tain part of the n+-S layer and the transition between the 
ri+-S and n-NS layers must be step-like. This situation is 
realized when the n + -S layers have energy bandgaps nar- 
rower than that of the n-S region, Fig. 1(b), or when an 
additional <5-doped acceptor layer is formed between the 
n+-S and n-NS regions. Due to a high density of electrons 
in the n + -S layer, 7 of such FM-n + -S contacts weakly de- 
pends on J up to the currents significantly exceeding J t 
fl6| |. Weak dependence of 7 on J is also realized in FM- 
NS junctions with highly degenerate accumulation layers 
formed in NS near the FM-NS interface. This situation 
has been studied extensively in Refs. 0jH,SE| an d nas 
been realized expeimentally in Fe-InAs junctions Il4l . 

We note that 7 can strongly depend on J |lllll^| 
in FM-NS junctions when the n-NS region and thin 
(<5— doped) n + -layer are both nondegenerate semiconduc- 
tors. In these FM-NS-FM junctions P n attains the value 
P n = {ir-1l)/{1-1r1l) for J > J s and w < L x ,i 0. 
One can see that P n = 0.6 at 7^ = — jl = 0.33, i.e. even 
in this case P n can exceed the spin injection coefficients 
of the FM-S junctions. 

In degenerate semiconductors the diffusion constants 
of up- and down-electrons are different and depend on 
electron densities. As a result, Sni(x) is described by a 
diffusion-drift equation with a bi-spin diffusion constant 
D(P n ) which goes to zero when \P n \ — > 1 0|. There- 
fore, in degenerate NS, the spatial variation of P n (x) 
is sharper and its current dependence is stronger than 
those in nondegenerate NS [cf. yellow and red curves 
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in Fig. 1(c)]. For example, at w = 0.1L S and cur- 
rents J = Jt the polarization changes in the ranges 
1 > P n {x) > 0.984 or 1 > P n (x) > 0.954 for nondegen- 
erate NS and 1 > P n (x) > 0.91 or 1 > P n (x) > 0.85 for 
degenerate NS when = — jl = 0.3 or 7^ = — jl = 0.1, 
respectively. 

At high currents when J > J t [see e.g. Q and [5] the 
value \P n \ — 2 |<5njJ /ns — \2n± — ns\ /ns is higher than 
1, i.e. spin density either near x = or near x = w 
exceeds ns- This means that the used condition of neu- 
trality rif+ ni = ng, i.e. Sni(x) = — Sni(x), is vio- 
lated and a negative space charge accumulates near one 
of the boundaries. This charge will increase the volt- 
age drop Vs across n-NS region. This conclusion fol- 
lows from numerical analysis of our system of equations 
which includes: Eq. J5J, J = Jf(i) + Ji(%) — const, 
J a = qfin a E + qDudn^/dx, and the Poisson's equation, 
EEadE/dx = q(n s — n-\— n±). 

The FM-n + -n-fi + -FM heterostructures under consid- 
eration are supersensitive spin valves. Indeed, as we no- 
ticed above [see © and ©], P n — and Sni(x) ~ 
when w < L s and 7^ = 7l, i.e. when the magnetizations 
Mi and M2 in the FM layers have the same direction. 
In this case, Vs = Vohm = Jw/qfins at any current. 
When 7^ 7^ 7^ the space charge arises in the n-S region 
at J > J t and Vjsrs exceeds V hm significantly. Thus, 
inversion of direction of Mi or M2 and also precession of 
electron spin in the n-S region have to change the voltage 
Vs to a much greater extent than in the structures con- 
sidered in Refs. @ . The use of the FM-n+-n-n+-FM het- 
erostructures in different spin-based devices 0, 0, S 0, Q 
should result in dramatic improvement of their charac- 
teristics due to the high spin polarization of electrons in 
the n-NS layer. 

A more complex FM-n + -n-n + -FM heterostructure is 
shown in Fig. 2(a). High spin polarization of electrons 
arises in a thin n-S layer 1 grown on highly resistive wide- 
bandgap semiconductor layer 3 when the current flows 
between ferromagnetic regions FMi and FM2. Such a 
heterostructure can be utilized modernize various spin- 
based nanodevices proposed in Refs. t 5] such as ultra- 
speed magnetic sensors, transistors, square law detec- 
tors, and frequency multipliers. It can also be used for 
100% spin polarization of electrons in quantum dots 5 
localized in the layer 3 grown on a semiconductor sub- 
strate 4 having the same bandgap as the layer 1. This 
effect can be realized at very low temperatures even when 
the spin polarization inside the n-S layer 1 is less then 
100%, e.g. P n ~60%-80%. Indeed, let us consider quan- 
tum dots (QD) (regions (5) in Fig. 2(a) with band off- 
set Ae[ = E c $ — i? C 3 < 0) that are placed inside of a 
two-dimensional potential barrier (semiconductor layer 
(3) with band offset AE C = E c3 - E c \ > 0). As we 
noted above, the spin polarization P n and density of up- 
electrons, n-f, increase with current J between FMiand 
FM2 contacts when 7l < and 7^ > 0. This means 
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FIG. 2: Schematic drawing of a ferromagnet-semiconductor 
heterostructure (a). FMi and FM2 are ferromagnetic layers 
with magnetization Mi and M2 (blue arrows); chlorine (1,4,5) 
and cerise (3) areas are donor doped semiconductor regions 
with different band-gap energy E g and placement of bottom 
of conduction band E c : E C 3 > E c \ — E c ^ > E c s, respectively; 
light blue areas (2) are heavily doped degenerate semiconduc- 
tor (n + -S) regions with E C 2 < E c i', light grey area P is accep- 
tor doped p-semiconductor region, (b). Energy diagrams of 
the heterostructure in sections I-I shown in Fig. 2(a). F is the 
equilibrium Fermi level, F-f and F± are quasi Fermi levels for 
up- and down-electrons, respectively. 



that the quasi-Fermi level for the up-electrons i*j in- 
creases and Fi for down-electrons decreases with J. At 
a certain current F\ can exceed A.E C and only the up- 
electrons will populate the layer 3 and will be captured 
by QDs. Thus, at very low temperatures the electron 
polarization in the QDs should be extremely close to 1, 
1 — P n ~ exp[— (E c3 — FjJ/T] <C 1. The spin polarization 
of electrons in QDs can be realized after their recombi- 
nation with photogenerated holes or holes injected from 
p-region, shown in Fig. 2a. This effect can be used for 
efficient polarization of nuclear spins in QDs. The sign 
of the spin polarization of electrons in the n-NS layer (1) 
and in QDs can be reversed by simple inversion of the cur- 
rent direction between FMiand FM2 contacts, Fig. 2(a). 
Thus, the considered effects have a potential for changing 
the development strategy for various spin-based devices 
and QIP schemes. 
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